Hypoxia induces the stabilization and transcriptional activation of the hypoxia-inducible 1α (HIF-1α) protein, the regulatory member of the hypoxia-inducible factor 1 (HIF-1) complex. The molecular mechanisms that are responsible for oxygen sensing and the downstream pathways utilized by the hypoxic signal are still poorly understood. One hypothesis for oxygen sensing has postulated that reactive oxygen species generated at mitochondrial complex III are the initiators of the hypoxic signal.
INTRODUCTION
In multicellular organisms, oxygen, as the final acceptor of electrons in the respiratory chain, is an absolute requirement for life. Hypoxia, the decrease in oxygen supply to tissues, determines a series of metabolic and systemic adaptations that tend to overcome the detrimental effect of the lack of oxygen. Central to this adaptation is the regulation of hypoxia-responsive genes that control multiple cellular and systemic functions (reviewed in 1). Most of these genes are regulated by a common mechanism of transcriptional activation that involves the hypoxia-inducible complex-1 (HIF-1) (2). The HIF-1 complex is composed of two sub-units. HIF-1α and HIF-1β, members of the helix loop helix-PAS family of transcription factors. The function of the HIF-1 complex is primarily regulated by the abundance of the HIF-1α sub-unit. While HIF-1β is constitutively expressed in normoxic cells, the HIF-1α sub-unit is only detectable in hypoxic cells. Under normoxic conditions, the HIF-1α protein is ubiquitinated and rapidly degraded by the proteasomal system (3, 4) . The ubiquitination process depends on its interaction with the von Hippel Lindau protein (VHL) that acts as a ubiquitin protein ligase (5) (6) (7) . Hypoxia, transition metals and iron chelators inhibit this degradation process and allow for HIF-1α accumulation and formation of the transcriptionally active complex. Significantly, HIF-1α responses are very rapid and occur at levels of hypoxia that are well within the physiological range (8) .
Furthermore, the induction of HIF-1α during hypoxia is practically instantaneous, with protein HIF-1α detected in the nucleus as early as two minutes following exposure to low oxygen (9) .
Despite the advances in the area of gene regulation by hypoxia, the molecular mechanisms that are responsible for oxygen sensing and the downstream pathways utilized by the hypoxic signal are still poorly understood. In biological systems, oxygen reactivity is usually associated with metals, most Non-mitochondrial HIF-1α activation 4 notably iron, as it intervenes in two types of reactions: a) as an acceptor of electrons in redox reactions, or b) in liganding to heme groups. In the latter case, as it happens in its interactions with hemoglobin, there is no transfer of electrons. This last property suggested to Goldberg and colleagues that oxygen sensing in vertebrates may utilize a rapidly turning over heme-containing protein, such that oxygendependent changes in conformation would initiate the hypoxia response (10). However, inhibitors of heme synthesis had no significant affect on hypoxia response (11, 12) . Other models for oxygen sensing are based on electron transfer or redox reactions. In redox reactions, oxygen acts as the acceptor of electrons and may result in generation of reactive oxygen species (ROS). Based on the stimulatory effect of iron chelators on HIF-1α activation, Srinivas and colleagues proposed that iron may be interacting directly, or through an intermediate iron binding protein, with HIF-1α by inducing localized oxidative reactions that would act as a signal for degradation. However, no such protein has been yet found (11) . Acker and colleagues have postulated that a low output NADPH oxidase, similar to the one present in neutrophils, could act as an oxygen sensor (13, 14) . In this model, hydrogen peroxide would be continuously generated by the oxidase in an oxygen dependent manner and would have a continuous negative tonic effect on HIF-1α survival. During hypoxia, the decrease in peroxide production would result in HIF-lα accumulation. However, evidence against this model is the finding that diphenylene iodonium (DPI), an NADPH oxidase inhibitor, decreases rather than stimulates the hypoxia response (15) . Chandel and co-workers have proposed another redox model of oxygen sensing based in the production of ROS by the mitochondria (16) . These investigators have reported that during hypoxia there is an increase in superoxide production at the level of complex III of the respiratory electron transfer chain. The increase in ROS production would be proportional to the degree of hypoxia and would be, following dismutation to hydrogen peroxide, the starting point of the hypoxic Non-mitochondrial HIF-1α activation 5 signal. Experimental support for their model is the unresponsiveness to hypoxia of cells lacking mitochondrial DNA, ρ° cells. Furthermore, blocking of electron transfer at complex I by the rotenone resulted in inhibition of the hypoxia response. However, other studies had found that inhibitors of cytochrome c oxidase, like cyanide and azide, had no effect on the hypoxia response and suggested that the mitochondria was not involved in oxygen sensing. The results by Chandel and colleagues prompted us to re-evaluate the role of mitochondria in HIF-1α activation. Our results indicate that the integrity of the mitochondrial respiratory chain is not necessary for hypoxia response. Furthermore, they show that hydrogen peroxide is not an intermediary moloecule involved in oxygen sensing.
MATERIALS AND METHODS

Cell lines and Culture Conditions
HeLa cells were obtained from ATCC and grown in high glucose DMEM (Mediatech, Herndon,VA) supplemented with 10% fetal bovine serum, penicillin and streptomycin. HepG2 cells and its derivative catalase over-expressing cells Mc5 (mitochondrial localization) and C33 (cytoplasmic localization) were obtained from Dr. Cederbaum (Mt. Sinai School of Medicicne, N.Y.) and grown in minimal essential medium (Mediatech, Herndon,VA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), penicillin (100 units/ml) and streptomycin (100 µg/ml) (17). Mitochondria DNAless (ρ o cells) were prepared by prolonged exposure to ethidium bromide as described by King and Attardi (18) , and grown in DMEM media supplemented with 5% or 15% fetal bovine serum, penicillin, streptomycin, Sodium Pyruvate (1 mM) and uridine (50 µg/ml). Cells were maintained at saturation humidity at 37°C in 5% CO 2 , 95% air. For hypoxic stimulation, the cultures were flushed in a modular incubator (Billups-Rothenburg, Del Mar, CA) with a gas mixture of 0.5% O 2 , 5% CO 2 and nitrogen Non-mitochondrial HIF-1α activation 6 balanced. Cells were transfected with Lipofectamine-Plus (Life Technologies, Grand Island, NY) as described previously (19) . Expression vectors used in the functional Luciferase assays have been described previously (19) ..
Nuclear Extracts, Electrophoretic Mobility Shift Assay and Immunoblot Analysis
Nuclear extracts were prepared from normal or treated cells as described previously (19) .
Electrophoretic mobility shift assay was performed by incubating 10 µg of nuclear extract with 32 Plabeled double stranded oligonucleotide probe from the human HIF-1 Epo enhancer as described (4) .
For immunoblot analysis, equal amounts of nuclear extracts (10-20 µg protein) were fractionated by SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes prior to detection using a stabilized alkaline phosphatase system (Promega, Madison,WI) (19) . Monoclonal anti-HIF-1α
antibody was purchased from Transduction Labs (Lexington, KY) and alkaline phosphatase conjugated anti-mouse secondary antibody was purchased from Southern Biotechnology (Birmingham, AL).
Indirect Immunofluorescence Microscopy
Cells growing on glass slides were fixed with 4% paraformaldehyde in PBS (pH 8.0) for 10 minutes and then washed with PBS three times. Subsequently, they were permeabilized with 0.5% 
RNA Isolation and Ribonuclease Protection Assays
Total RNA was isolated with the Trizol reagent (Life Technologies, Grand Island, NY)
according to the manufacturers' instructions. RNase protection assays was performed utilizing a 32 Plabeled single stranded VEGF probe as described previously (20) . 
RESULTS
Activation of HIF-1α
Effect of over-expression of catalase on HIF-1α α expression
Most of the currently proposed redox models for oxygen sensing suggest that hydrogen The effect of catalase over-expression on the transcriptional activity of HIF-1α was evaluated by using the Gal4-HIF-1α fusion system, as described above. Figure 3b indicates that over-expression of catalase does not affect the transcriptional response to hypoxia (Figure 3d ).
DISCUSSION
Early work showing that cyanide and sodium azide do not affect the hypoxia response suggested that the mitochondrial respiratory chain was not involved in oxygen sensing (22) . However, Chandel and co-workers have proposed that an increase in superoxide production at the level of mitochondrial complex III (quinol-cytochrome c oxidoreductase) is the initial event that triggers the hypoxia response (16) . Superoxide is produced during normal mitochondrial function and it is rapidly 
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The strong stimulatory effect of the iron (III) chelator desferroxamine in HIF-1α activation suggests that an iron-containing protein(s) is most likely involved in oxygen sensing. In general, iron (III)-chelating agents are not active against heme-containing enzymes or iron-sulfur cluster proteins, although they do interfere with enzymes containing mono-iron or bi-iron centers coordinated to oxygen ligands, including amino acids hydroxylases, lipoxygenases and ribonucleotide-reductase (25) . As
shown by the studies presented here, the putative oxygen sensor is independent of the mitochondrial respiratory chain activity and it does not utilize H 2 O 2 as a signal molecule. 
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